ABSTRACT High speed of the hypersonic vehicle can cause the noticeable scale effect and intra-pulse Doppler on radar echoes, especially under the large time-bandwidth product transmitting signal. Under this condition, the conventional narrowband matched filter can introduce an obvious output signal-tonoise ratio loss to the radar target detection and big errors to motion parameter estimation. In addition, the long-time integration and high speed can lead to the across range unit, which further deteriorates the detection performance and motion parameter estimation. In order to address these problems, we first mathematically analyze the wideband radar echo model (because the narrowband condition is not met for hypersonic vehicle detection) and obtain the mathematic relationship among the scale effect, speed, and time-bandwidth product. Thereafter, based on this mathematic relationship, we define a generalized matched filter and propose a coherent long-time integration algorithm for the hypersonic vehicle detection. Compared with the full parameter space searching algorithm, this proposed algorithm obtains nearly the same anti-noise performance with a much lower computational complexity. Through mathematical analyses and numerical simulations, we verify the effectiveness of the proposed algorithm. It is worthwhile noting that the aforementioned mathematic relationship provides a theoretical basis for the transformation from the wideband radar echo model to the conventional narrowband radar echo model. On this basis, the hypersonic vehicle detection algorithm can be studied widely.
I. INTRODUCTION
Radar high-speed target detection has been receiving a growing attention and significant research efforts in the modern radar field due to its importance for target imaging and exploration of space resources [1] - [3] . The high-speed target, especially the hypersonic vehicle, shows characteristics of far-range, low-observable and strong noise. Therefore, the long-time coherent integration is necessary to improve the output signal-to-noise ratio (SNR). Unfortunately, the longtime integration and high radial velocity make the across range unit (ARU) happen.
On the other hand, for hypersonic vehicles with radial velocity larger than 5 Mach, the narrowband condition [2] , [3] , 2v r c << 1 BT p (where v r , c, B, and T P denote the radial velocity, light speed, bandwidth, and pulse width, respectively) will not be met strictly. The narrowband condition can be rewritten as v r T p << c (2B). When narrowband condition is not met, that is, compared to the radar range resolution c (2B), the movement of the hypersonic vehicle during T P cannot be ignored. Therefore, the high speed of hypersonic vehicle introduces noticeable scale effect and intra-pulse Doppler (SEIPD) to the radar echoes [3] . For the regular low-speed radar target, the narrowband condition is met, because the radial velocity of the regular low-speed target is less than 200m/s in most applications and the timebandwidth product of the transmitted signal is not so large. In this case, the SEIPD can be ignored, and the radar echo model without considering SEIPD is named as inarrowband radar echo model, because the narrowband condition is met [2] , [3] . Conversely, the narrowband condition is not met for the hypersonic vehicle radar echo. Therefore, the SEIPD should be taken into consideration, and the radar echo model with SEIPD is named as wideband radar echo model [2] , [3] . So, the wideband radar echo model should be adopted for hypersonic vehicle detection.
For the wideband radar echo model, if the matched filter for the narrowband echo model (MFNBEM) is still used, a serious pulse compression (PC) distortion (PCD) will happen. The PCD is caused by the mismatching between the MFNBEM and the wideband radar echo model. The PCD mainly includes the peak energy loss and the shift of the peak location. In summary, both the PCD and ARU are two key problems for hypersonic vehicle detection.
In the past few decades, several high-speed target detection methods have been developed to overcome the ARU, which can be generally divided into two categories: incoherent methods [4] - [8] and coherent methods [9] - [11] . Typical incoherent long-time integration methods include the Hough transform [6] - [8] and track-before-detect based methods [12] . However, the incoherent methods do not consider the phase information and have problems of significant integration SNR gain loss and input SNR threshold. The coherent long-time integration, by contrast, exploits the phase information and is more preferable. Representative methods include the radon-Fourier transform-based (RFT) [9] , [10] and keystone transform-based method (KT) [11] - [13] . In order to significantly decrease the computational cost, the scaled inverse Fourier transform (SCIFT)-based algorithm, the frequency-domain deramp keystone transform (FDDKT)-based algorithm, and the Sequence-reversing transformbased algorithm [14] , [15] , [25] are also proposed. In [26] , a radon-Lv's distribution-based coherent algorithm is proposed for maneuvering target detection, and obtain a good performance under low SNR environment. Nevertheless, these aforementioned methods are all based on the narrowband radar echo model which ignore the SEIPD of the echoes. References [3] and [27] analyzed the wideband radar echo model in detail and indicated the influence of the PCD. Continuous wavelet transform (CWT) is studied to compensate the SEIPD of the radar echoes and obtain ideal PC performance [3] . Based on the wideband radar echo model, [2] proposed the wideband scaled Radon-Fourier transformation (WSRFT) algorithm. Combine the improved matched filter and RFT, the ARU and the SEIPD can be eliminated together. However, its implementation requires full searching in parameters space which leads to a huge computational cost. The wideband radar echo model is also applied in [16] . It considers the hypersonic vehicle-borne radar and the SEIPD can be easily compensated for the known relative velocity between the vehicle-borne radar and the ground. However, in general hypersonic vehicle detection applications, the radial velocity is unknown, in order to compensate the SEIPD, the search for radial velocity is inevitable.
In order to avoid the heavy computational cost caused by the full searching in parameters space, a criterion to determine the step for radial velocity searching should be studied to eliminate the PCD. Based on the criterion, we can avoid the heavy computational burden. Thereafter, the existing coherent long-time integration algorithm can be exploited to realize hypersonic vehicle detection.
Motivated by the above analyses, considering the PCD and ARU effects of the hypersonic vehicle, we firstly mathematically analyze the wideband radar echo model and obtain the mathematic relationship among the scale effect, speed, and time-bandwidth product. Thereafter, based on this mathematic relationship, we construct a generalized matched filter (GMF) and propose a long-time coherent integration algorithm for the hypersonic vehicle detection. iCompared to the conventional detection algorithms, this proposed algorithm can eliminate the PCD and achieve a better anti-noise performance with a lower computational cost. Through numerical simulations and mathematical analyses, we verify the effectiveness of the proposed algorithm. The aforementioned mathematic relationship can work as a criterion to avoid the PCD. Basing on this criterion, the wideband radar echo model for hypersonic vehicle is translated into conventional narrowband radar echo model and the hypersonic vehicle detection algorithm can be studied more widely.
The remainder of this paper is organized as follows. In Section II, the signal model for hypersonic vehicle with scale effect and intra-pulse Doppler is built. The proposed hypersonic target detection algorithm is illustrated in Section III. The analyses of the computational cost and the anti-noise performance are given in Section IV. The experiments with the synthetic data are performed in Section V to validate the effectiveness of the proposed algorithm. Section VI gives the conclusion.
II. SIGNAL MODEL FOR HYPERSONIC VEHICLE AND ITS ANALYSES
According to the radar principle [2] , the received signal s r t, t m during a coherent processing interval (CPI) without any assumptions can be written as
where A 1 , s t t, t m ,t, k 0 , τ and t m denote the backscattering coefficient, transmitted signal, fast time, scaled factor, time delay and slow time, respectively. 
After the down conversion, we have the baseband signal as [2] , [3] , [27] 
where (4) is known as the wideband radar echo model [2] , [3] . The scaled effect is caused by k 0 , and the item exp j2π f d (k 0 )t denotes the intra-pulse Doppler. In numerous published literatures, the condition, 2v r c << 1 BT p , is always established. Under this case, s rb t, t m can be approximated as [9] - [11] , [13] - [17] 
where (5) is known as the narrowband radar echo model [3] . Compared to the wideband radar echo model, it has a simpler structure. We can just use h t = rect t T p exp −jπ γt 2 as the matched filter to accomplish the PC operation for s rb,1 t, t m [9] , [14] , [15] . Unfortunately, the assumption, 2v r c << 1 BT p , cannot hold for the hypersonic vehicle any more [2] . That is, if we still use the matched filter for the narrowband echo model to process the wideband radar echo model, there will be serious energy integration loss [2] . Consider a hypersonic vehicle with the radial velocity of 15 Mach. The radar carrier frequency, bandwidth and pulse width are 1GHz, 30MHz and 1.5ms, respectively. The hypersonic vehicle locates at the 1000 th range gate. FIGURE 1 shows the PC result via the conventional matched filter. For comparison, the ideal PC result, known as sincform, is also given in FIGURE 1. It is easy to find that the PCD occurs to the output of the conventional narrowband matched filter. The side lobe power of the output increases from -13.2 dB to -8.3 dB and the peak power drops about -2.3 dB. In addition, the peak position shifts from 1000 th range gate to the 2356 th . All these can lead to significant errors for the target detection and parameter estimation.
According to the wideband radar echo model, the ideal matched filter should be defined as
where A tmp is the constant amplitude of the filter. Unfortunately, the exact scale effect k 0 is unknown. In this case, the general matched filter (GMF) is defined as [2] , [3] 
where
and v a is the searching radial velocity.
In [2] and [3] , the matched filter in (7) has been briefly analyzed. However, there are two challenges, including (a) the closed form after the PC with (7) is not obtained; (b) the exhaustively full-space search of the unknown K 0 induces a high computational cost. Our previous work [23] inspires us that, if we can obtain the closed form after the PC with (7), we can have the quantitative influences of radar and motion parameters on the PC result. In turn, the exhaustively full-space search of the motion parameters can be avoided and the computational cost can be significantly reduced. Therefore, in this paper, we deduce the closed form after the PC with (7) to obtain the quantitative influences of radar and motion parameters on the PC result. Three cases are considered and the detailed mathematical derivation is given in APPENDIX. Three corresponding conclusions are listed as follows.
Case1:
, the PC result can be expressed as
Case 2: Assume aBT p >> 1, the output of the matched filter can be approximated to a rectangle pulse. wheret a ,t b is the start time and end time of the rectangle pulse. A un (t), i.e. a function oft, denotes the complex amplitude. Comparing (9) to (8), it is easy for us to obtain that, in this case, the energy integration loss in (9) is much worse than that of (8) . Therefore, the accurate form of (9) is not derived here.
Case 3:
If the value of aBT p is between Case 1 and Case 2, the energy integration loss is between Case 1 and Case 2also.
Conclusions in Case 1, Case 2 and Case 3 indicate that the PC result is determined by the parameters a, B and T p , and the PC result can be considered as sinc-form and the power loss can be ignored when aBT p ≤ 1 2 is met. Now, we can use aBT p ≤ 1 2 as a criterion to insure the elimination of the PCD. In what follows, an experiment with the simulated data is performed to demonstrate aforementioned three conclusions.
Example 1: A point target T0 is used in this experiment. Radar parameters are set as B = 100MHz, T p = 15ms. The signal is reflected by a hypersonic vehicle with radial velocity v r = 15Mach, and the echo is located at range gate 1000. By adjusting the parameter v a of the matched filter in (7), we force aBT p = −0.34, -20.4 and 3.4, which correspond to Case 1, Case 2 and Case 3, respectively. The PC results are shown in FIGURE 2. FIGURE 2.(a) remain to be sinc-form and has few power loss, only a left shift, which corresponding to SHIFT in (8), is occur. In real applications, the SHIFT can be figured out, thus, we can accurately estimate the range of the target. However, a significant PCD occur to FIGURE 2.(b). The expected sinc-formed pulse has degraded to an approximately rectangle pulse, with intolerable power loss and poor range resolution. In this case, PC is meaningless. Even though the PCD in FIGURE 2.(c) is not as worse as FIGURE 2.(b), the power loss is also occurred, and the side lobe rise in a certain extent. In a word, only the Case 1 is feasible for PC.
As for FIGURE 2.(a) and (b), v a < v r , which means k > k 0 , so the PC result shifts to right. However, we set the v a > v r , which means k < k 0 in FIGURE 2.(c), so the PC result shifts to the left.
The former mentioned literatures [2] , [3] cannot give the closed form of the PC results for wideband radar echo model. However, in this paper, we deduced the closed form of PC results for wideband radar echo model. We can find that, under some assumptions, i.e. aBT p ≤ 1 2, the PC results can be considered as with no distortion. Based on (8), the searching step of v a is determined and a hypersonic target detection algorithm is proposed in the following context.
III. PROPOSED ALGORITHM
In this section, we base on the mathematic conclusions obtained in Section II to propose an algorithm for hypersonic vehicle detection.
According to the former section, when aBT p ≤ 1 2, the scaled effect can be ignored.
Basing on (10), we obtain, if (10) holds, the PCD caused by the scaled effect can be ignored. That is, (10) can determine the interval of v a as
It is easy to prove that v a exhibits a decreasing trend along v r . Since v r is unknown, we assume the maximum value of v r as v r,max , which can be determined according to practical applications. Then, we have the searching interval VOLUME 7, 2019 v step , which can be expressed as
, and k 0,max = c − v r,max c + v r,max . Therefore, v a can be set as v a = l v step (13) where l = 0, ±1, ±2, ..., ±L with L = round(|v r,max / v step |), round(x) denotes rounds x to the nearest integer.
With (13), we construct the GMF as
Thereafter, we use (14) to perform the PC operation
where ⊗ denotes convolution operation. Suppose a e BT p ≤ 1 2 (where
, v a,l e = l e v step ), therefore, the expected PC result can be expressed as
Obviously, (16) has the same form with the PC result of narrowband radar echo [14] , that is to say, we have transform the wideband radar echo model into narrowband echo model.
For hypersonic vehicle detection under high carrier frequency and low PRF, Doppler ambiguity will occur [14] , [29] , [30] 
For simplicity, the noise is ignored in these formulas. With (14) , the SEIPD has been eliminated, however, the ARU still occur. The item −2v r t m c in (18) denotes that the trajectory of a hypersonic target can span over multiple range cells, i.e., the ARU. To focus the energy and estimate motion parameters, the ARU should be corrected.
Many algorithms can calibrate the ARU [9] , [11] , [25] , [26] , compared to others, the KT can calibrate the ARU for all the targets without knowing their velocities, thereafter, the coherent integration can be realized. So we adopt the KT to calibrate the ARU in this paper. In order to compensate the Doppler ambiguity of the radar echo [19] , we should construct a 2-D matched filtering function in fˆt and t m domain, firstly, where fˆt denotes the frequency corresponding tot, i.e., [19] H match fˆt , t m ; M = exp j2π fˆt 2Mv am t m c .
Perform the FT to (18) 
where A am is the amplitude. It should be noted that the PC and velocity ambiguity compensation can be done at the same time in order to avoid unnecessary computational burden in real applications.
We can see clearly that t m is coupled with fˆt in (21) , which leading to the ARU. The KT can be applied in this situation, that is, we can substitute t m = f c t m fˆt +f c into (21), which can be implemented by FFT-based scaled FT [20] , [21] , one has
The coupling between t m and fˆt has been eliminated in (22 
where A 3 is the amplitude. Here, the item −2v r t m c in (17) has been eliminated, which implies that the ARU has been calibrated in (23 
where KT t m () denotes the KT along t m . Actually, Doppler ambiguity integer M is unknown for us, so the search for M is inevitable. From the above analysis, we know that the proposed algorithm can effectively focus a moving target by Doppler ambiguity searching. The KT is a linear operation, therefore, the proposed algorithm can also handle the multi-targets scene. When the Doppler ambiguity integers of the targets differ from each other, M should be set as different in (19) to focus these targets. In such a way, the targets with different Doppler ambiguity integer can be detected by constant false alarm rate (CFAR) algorithm one after another. The detail for multi-targets detection can refer to [19] . In Section V, a scene of multi-targets is simulated.
The flowchart of this proposed coherent long-time integration algorithm is shown in FIGURE 3. The detailed procedures are given as follows.
Step1: Perform the down conversion. Set l = −L.
Step2: Construct matched filter s ref t; l with parameter v a = l v a,max , followed by pulses compress operations.
Step3: Construct H match fˆt , t m ; M' , and perform Doppler ambiguity compensations, where
Step4: Perform the KT operation. Perform IFFT and FFT operations along fast-time axis, slow-time axis, respectively.
Step5: Perform CFAR detections. l = l + 1. if l < L + 1, repeat Step 2 to Step 5.
In order to illustrate how the proposed coherent long-time integration algorithm works, a noise-free example is given in the following paragraphs.
Example 2: In this example, We consider the mono-target T1. Its motion parameters are listed in TABLE 1. Radar parameters are listed in TABLE 2. FIGURE 4 shows the simulation results. It is necessary to point out that the velocity of T1 is set as 5908.95m/s to enlarge the deviation between the target velocity and v a . (21) , the linear coupling between t m and fˆt has been eliminated, therefore, the energy distributed as a horizontal line in FIGURE 4.(c). In this case, the ARU has been eliminated, and all the echoes are calibrated to the same range gate, as shown in FIGURE 4.(d) . At last, the FT along t m axis is taken to realize energy accumulation, and the focused energy peak can be seen in FIGURE 4.(e) .
In this experiment, the maximum radial velocity v r,max is set as 20Mach, and v step ≈ 1666.52m/s. According to the former section, l e = 4 and M = 394, thus, we construct the GMF with v a,l e = l e v step ≈ 6666.06m/s, i.e., aBT p ≈ 0.45. Substituting the peak location in FIGURE 4 .(e) into (24), we estimate the v r = 5908.95m/s, and then, according to (8) , SHIFT ≈ 37.86m, that is, 8.08 range cells shift occur. Therefore, we can estimate that the target is located at range gate 642 + 8.08 = 650.08. The energy of the peak is normalized by the ideal focused energy.
For comparison, the result of the conventional KT-based algorithm (use MFNBEM) (CKT) [13] is shown in FIGURE 4.(f). The CKT can also estimate the radial velocity of the target correctly, i.e. 5908.95m/s. However, the location of the target will be estimated as range gate 713. It is far away from the real location range gate 650. In addition, the normalized amplitude of the focused energy peak is reduced to 0.6979 (ideally, the amplitude is 0.7188, the tiny energy loss, about 0.26 dB, is caused by straddle loss [28] ), leading to a significant energy integration loss. We can conclude that the proposed algorithm can focus the echo energy more effectively, and obtain a better ranging performance.
IV. ANALYSES OF THE COMPUTATIONAL COST AND THE ANTI-NOISE PERFORMANCE
In Sections II and III, by analyzing the wideband echo model for hypersonic vehicles and the GMF, a coherent long-time integration algorithm is proposed for hypersonic vehicles. Theoretical analyses demonstrated that this proposed algorithm can handle radar echoes with SEIPD and ARU. In this section, the computational cost and the anti-noise performance, which play important roles in hypersonic vehicle detection, will be analyzed. To illustrate the characteristics of this algorithm more intuitively, several algorithms including. moving target detection algorithm (MTD) [24] , WSRFT and CKT, are chosen as references.
A. COMPUTATIONAL COST ANALYSIS
In what follows, the computational complexity of MTD, the WSRFT, the CKT and the proposed algorithm are analyzed. Assume that N t m , Nˆt , M am and N v denote the numbers of coherent processing pulses, range gates, searching times for Doppler ambiguity integer and velocity searching times in WSRFT, respectively.
As we all know, the MTD is widely used in radar signal processing, for the reason that it can be fast implemented with FFT, and obtain good performances in low speed scenes. , and x denotes rounds x to the nearest integers towards infinity. For this proposed algorithm, its main implementation procedures include the searching for the parameter v a , the searching procedure of the unknown Doppler ambiguity integer and the FFT-based Chirp-z transformation. That is to say, except for the searching for v a , the remain procedures of this proposed algorithm are the same as CKT. Therefore, the computational complexity is
Fortunately, the value of v step is relatively large. Suppose the radar parameters are set as Table 2 and v r,max =20Mach, we have v step ≈ 1666.52m/s. Therefore, L = round v r,max v step = 4, which means that this proposed algorithm just need only 2L = 8 times pulse compressions more than CKT. As for WSRFT, the full parameter space searching is exploited to eliminate the PCD, and the number of velocity searching times N v can be expressed as N v = 2round v r,max v re , where v re = λ (2T Dw ) denotes the velocity resolution and λ, T Dw denotes the wavelength of carrier frequency and dwell time, respectively. The WSRFT has the heaviest computational burden among the algorithms in this paper. The computational complexity of the several algorithms is listed in TABLE 3. In order to analysis the computational cost of the several algorithms more accurately and intuitively, we execute the several algorithms by MATLAB on personal computer. The time consumed by the aforementioned algorithms is illustrated in FIGURE 5 . The total number of range gates is set as 600, and the number of pulses is changed from 100 to 600 with increase step as 100. The rest of the parameters are the same as Example 2. The computer configuration parameters are Intel(R) Core (TM) i7-4770 CPU @3.40GHz with 8.00GB RAM.
B. ANTI-NOISE PERFORMANCE AND TARGET DETECTION ABILITY
The following experiments are conducted to evaluate the anti-noise performance and target detection ability of this proposed algorithm. The point target T1 is used in the following experiments. Radar parameters are the same as which in TABLE 2. The proposed algorithm is designed for the hypersonic vehicle in the air and we only consider the additive stationary zero-mean complex white Gaussian noise in this paper. Complex additive white Gaussian noise are added to the echoes, and the SNRs are [-67:1:-45] dB, 200 times Monte Carlo trials are done for each SNR value in FIGURE 6.(a) and (b) .
The input-output SNRs and detection probability corresponding to each input SNR are utilized to evaluate the anti-noise performance of this proposed algorithm. For a fair comparison, the scopes of the estimated motion parameters via this proposed algorithm, the MTD, the WSRFT and CKT are set the same. Theoretically, the WSRFT has the best detection probability among the several algorithms for its more careful search in parameters space. FIGURE 6.(a) shows the input-output SNRs performances of these algorithms; the ideal output SNRs are also given for reference. In this paper, the output SNR is defined as follows [22] : where A p denotes the amplitude of the signal at the peak. D, σ 2 n is the time-bandwidth product of the matching filter and the noise power before pulse compression, respectively. When the pulses are compressed, the power of noise will become D × σ 2 n for which are independent identically distributed. N t m denotes the number of coherent processing pulses, which determines the power gain of signal and noise via the pulses integration.
As seen from FIGURE 6.(a), the proposed algorithm can achieve about 3dB higher output SNRs than the CKT when the input SNR is greater than -50dB, and its input-output SNR curve is almost overlaps with the ideal MTD curve when input SNR is higher than -52dB. It's easy to figure out that the 3dB SNR loss of the CKT is mainly caused by the PCD (as aforementioned, about 0.26 dB is caused by straddle loss). The input-output SNRs of the proposed algorithm are nearly the same as the WSRFT, because both of these two algorithms can eliminate the PCD and the ARU, and coherently integrate the energy of the pulses. The MTD cannot handle the ARU, therefore, it has a very bad energy focus ability for hypersonic vehicles.
The corresponding detection probabilities under false alarm probability Pfa = 10 −6 via the four aforementioned algorithms are shown in FIGURE 6.(b) . The proposed algorithm obtains the very close performance with WSRFT, because these two algorithms have a similar energy focusing ability. However, the detection probability curve for MTD is always zero in this experiment for its bad energy focusing ability when ARU occurs.
Therefore, we can make the conclusion that, the proposed algorithm can obtain nearly the same anti-noise performance as WSRFT with much lower computational complexity. Compared with the CKT, the proposed algorithm can obtain a better anti-noise performance with a little more computational cost. This is to say, the proposed algorithm achieve a good balance between anti-noise performance and computational cost, and is appropriate for hypersonic vehicle detection.
V. VERIFICATION OF THE PROPOSED ALGORITHM
Due to the particularity of the hypersonic vehicles, we cannot obtain the raw data currently. In this section, the experiments with the synthetic data are performed to validate the effectiveness of this proposed algorithm. In this experiment, the radar parameters are the same as those in the Example 2. Two targets are considered, and their motion parameters are listed in Table 4 . The maximum radial velocity v r,max is set as 20Mach and v step ≈ 1666.52m/s. The synthetic data is contaminated by complex white Gaussian noises. FIGURE 7 shows the simulation results. The integration result for T2 via the proposed method is shown in FIGURE 7.(a) As a comparison, the CKT is also applied to process the synthetic data, the energy focused results are shown in FIGUREs 7.(c) and (d). The two peaks are located at the range gate 576 and 1063, respectively, and their radial velocities are estimated as -2206.05 m/s and 5772.45m/s, correspondingly. Apparently, the CKT cannot obtain the correct range of the targets.
The amplitudes of the integrated peaks by proposed algorithm for T2 and T3 are 1.531 × 10 5 and 1.779 × 10 5 , respectively. Whereas, the integrated peaks by the CKT are 1.345 × 10 5 and 1.111 × 10 5 , respectively. In general, the straddle loss [28] , the randomness of the noise and the mismatching between the MFNBEM with the echoes can all lead to energy loss to the peak values. In order to eliminate the influence of the straddle loss and noise, we use the synthetic data without contaminated by noise, and fine tune v a,l e to force the sample very near the peak. Therefore, the energy focused results of the proposed algorithm and CKT can be compared reasonably.
For T2, we force v a,l e = −1666.52 + 23m/s = −1643.52m/s, in this case, SHIFT ≈ 28.13m i.e., 6.00 range cells are shift, which implies that the straddle loss can be ignored. As seen in FIGURE 7 .(e), the value of the peak is 1.994 × 10 5 . The CKT is a special case of the proposed algorithm, that is, v a = 0. We force v a = 44m/s, and this is an approximation for CKT. In this case, SHIFT ≈ 112.50m
i.e., 24 range cells are shift, that is, straddle loss is eliminated, too. The value of the peak can be seen in FIGURE 7.(f). The peak values of FIGURE 7.(e) and FIGURE 7.(f) are nearly the same, that's because the velocity of T2 is close to v step . Therefore, the power loss caused by PCD is small. For T3, we force v a,l e = 4999.55 + 22m/s = 5021.55m/s, in this case, SHIFT ≈ −37.55m i.e., -8.01 range cells are shift. As seen in FIGURE 7.(g), the value of the peak is 1.989 × 10 5 . And then, We force v a = 53m/s, and this is an approximation for CKT. In this case, SHIFT ≈ −285.98m i.e., −61.01 range cells are shift. The value of the peak can be seen in FIGURE 7.(h) .
From the simulation results, we can conclude that the proposed algorithm can overcome the SEIPD and ARU effect, and achieve a good coherent integration result.
VI. CONCLUSION
High speed of the hypersonic vehicle can cause the SEIPD and ARU, which will deteriorate the detection performance and motion parameter estimation. In this paper, we first deduced the mathematic relationship among the scale effect, speed and time-bandwidth product for wideband radar echo model. Thereafter, basing on this mathematic relationship, we propose a coherent long-time integration algorithm for the hypersonic vehicle detection. Compared to the full parameter space searching algorithm, this proposed algorithm can obtain nearly the same anti-noise performance with much lower computational complexity. We verify the effectiveness VOLUME 7, 2019 of the proposed algorithm by mathematical analysis and synthetic simulations. Above all, we should point out that the aforementioned mathematic relationship provides a theoretical criterion for the design of the wideband matched filter. Thus, we can surmount the SEIPD and transform the wideband radar echo model to narrow band radar echo model. Based on this, the detection or imaging for the hypersonic vehicles can be studied widely.
APPENDIX
In order to obtain the closed form of the PC with (7), we perform the Fourier transform (FT) on s rb (t, t m ) in (4) and s ref (t) in (7) alongt axis
and
where the amplitude of (28) is normalized as 1.
With (27) and (28), the output of the matched filter can be expressed as .
For signal with the field of definitions x ∈ [x 1 , x 2 ], its spectral resolution is f res = 1 x, where x = x 2 − x 1 . Considering exp(−jπ x 2 ), x ∈ [x 1 , x 2 ], it is a LFM signal, and its frequency modulated ratio is 1. Therefore, the bandwidth f x = 1 × x. Basing on the relationship between f x and f res , we have the following three cases.
Case 1: f x ≤ 1 2f res , that is, the bandwidth of the signal exp(−jπ x 2 ) is less than a half of spectral resolution cell. Substituting x 1 , x 2 into x, we obtain approximately aBT p ≤ 1/2. Combing with f x ≤ 1/(2 x), we can consider the frequency of exp(−jπx 2 ) is constant, thus, an inclined line can be used to approximate 
